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Project Summary

WVe have obtained CW laser action in the ultraviolet in a

silver-necn plasma excited by an electron beam. Laser oscillation

was cbtained in the 318 nm transition of AgJi. Excitation of the

aser upcer level occurs by charge transfer collisions between

ground state neon ions created by electron beam ionization and

silver atoms. -W laser oscilla Lon was also obtained in the 478.8

nm line of Ag.-.

These results were obtained operating high voltage glow

discharge elect.ron guns in a neon atmosphere for the first time.

Previously, electron beam excited CW lasers were limited to the use

of he1ium as the major atomic component of the gain medium. The

successful use of neon significantly increases the number of

possible laser lines that might be excited by means of selective

energy transfer processes involving quasi-resonant collisions. Of

particular interest are the CuII laser lines in the vicinity of 260

Laser output powers of 60 mW and 14 mW were obtained in the

visible and ultraviolet transitions of AgIlI respectively using

non-optimized optical cavities. These results were obtained making

use of only approximately 20 percent of the volume of the electron 0

0]beam created plasma to generate the laser radiation. A significant

increase in the laser output power could be obtained by optimizing

the overlap between the mode volume and the electron beam plasma
oes

volume. No saturation of the laser output power with discharge 'or

i l l lY
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current was observed up to the maximum current investigated which

was 1.45 A. A more complete description of tne experiments is

given in appendix I.

:n summary, we have developed a CW electron beam laser capable

of oscillating in rransiuionn corresponding to elements requiring

htriLy va orizaxon _. CW laser oscillation was

demonstrated at 478.8 and at 318 nm in singly ionized silver in a

Ag-Ne plasma. This is the first time that electron beam excitation

has been successfully used to pump a CW ultraviolet laser.

Substitution of the silver by copper is expected to result in CW

laser action in the 248-270 nm region.

During the period of this grant, we also extended out study of

laser action in the flowing negative glow plasmas. In this scheme,

energetic electrons produce a negative glow plasma in a localized

region. This plasma is then expanded by a fast gas flow to form a

plasma plume in which the plasma ions recombine with cool electrons

to excite laser transitions. The separation of the excitation

region from the recombination region allows us to obtain CW laser

action in atomic and ionic systems in which the excitation of the

lower level would forbid the generation of population inversions in

the presence of energetic electrons. Previously using this device

we demonstrated CW laser action by three-body electron-ion

recombination in infrared lines in Cd1. We have extended CW laser

operation to ArT and have also obtained pulse laser operation of

infrared lines of Pbl, PbII, ZnI, SnII, H2 , ArI and Nei. The

dependence of the laser intensity as a function of the discharqe
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carameters and position of the recombining plasma plume was studied

in Ar, Pbi, PbII, ZnI and SnII. We also demonstrated that the

addition of hydrogen aids plasma cooling and significantly

increases the laser intensity, The results of our study are

summarized in appendix 2.

UI



Appendix 1

CW Ultraviolet and Visible Laser Action from Ionized Silver

in an Electron Beam Generated Plasma

B. Wernsman, J. J. Rocca a and H. L. Mancini

Electrical Engineering Department

Colorado State University

Fort Collins, CO 80523

Continuous wave Laser oscillation was obtained in the 318.1 nm

and the 478.8 nm lines of AgIlI in a neon-silver vapor mixture

excited by glow dscharge electron beams. Laser output powers of

14 mW and 60 mW were obtained in the ultraviolet and blue

transitions respectively using non-optimized optical cavities.

a) National Science Foundation Presidential Young Investigator



[I]

P-revicuslv, we reported laser action in more than 50 ionic and

atomic laser lines using electron beam excitation of helium-metal

vapor plasmas [I-5]. Different population inversion mechanisms

including charge transfer [1,2], collisional electron-ion

recombination L3), penning ionization [4] and dissociative

excitation f51 have been successfully used to obtain laser

oscillation in plasmas generated by glow discharge electron beams.

DC electron beam excitation has been demonstrated to produce high

CW laser oowers as 1.2 W was obtained in the blue lines of ZnMI

[1] . However up to date CW laser action by electron beam

excitation was limited to the infrared and the visible regions of

the spectrum and to the use of helium as the major atomic component

of the gain medium. Herein we report the operation of a CW

elecuron beam pumped laser in the ultraviolet for the first time.

Also we have demonstrated the use of neon as a buffer gas thereby

significantly increasing the number of possible laser lines that

might be excited with this type of excitation by means of selective

energy transfer processes involving quasi-resonant collisions [6].

CW laser action was obtained in the 318.1 nm [5s 2 1G4 - 5p

3 F3 0] and the 478.8 nm [5s2 !D2 - 5p 1Pl] lines of AgIlI in a

neon-silver plasma excited by a multikilovolt dc electron beam.

The laser upper levels are populated by charge transfer collisions

between ground state neon ions and ground state silver atoms as

previously observed to occur in hollow cathode discharges [7]. The

majority of the neon ions are created by electron impact ionization



as a consequence of the collisions between nigh energy electrons

and neon atoms.

The laser setup employed in the experiments is similar to that

recentlv used to obtain laser act:ion in the infrared in a He-Ag

- e andihas been described in detail in a orevious

publica tion [2] . The laser active medium is a neon-si ver Clasma

generated inside a molybdenum tube 90 cm 4n length with an 'nside

diameter of 0.9 cm by the excitation produced by two glow discharge

electron guns. A compact tanzalum ribbon heater surrounds the

plasma tube and produces the necessary tempeLature to vaporize

silver and obtain the metal vapor density required for laser

operation. The plasma tube and the heater are placed on the axis

of an electromagnet that produces a magnetic field with the purpose

of guiding and confining the electron beam. The magnetic field

minimizes the scattering of energetic beam electrons to the walls

of the plasma tube and consequently allows for a more efficient

deposition of the electron beam energy into the plasma. An

electron beam is injected into the plasma tube from each end using

two electron guns connected to the same dc power supply through

separate ballast resistors. The use of a pair of electron guns

instead of one allows for the generation of two counter-propogating

Plectron beams which produce a more uniform plasma and increases

the available pumping power. The electron guns, which have a 0.5

cm diameter hole through their axis to allow the passage of laser

radiation, are constructed using molybdenum-magnesium oxide

sintered cathodes that can produce high current do electron beams



i_ an oxygen free atmosphere [8, 9. The beam electrons are emitted

following ion bombardment of a cathode area that is 2.6 cm in

diameter.

A small neon flow is maintained through the electron gun

chambers which are placed at each end of the plasma tube. Neon is

introduced through two independently controlled needle valves and

is circulated by a rotary umnp. A small pressure difference (0.1

Tort) is maintained between bcth chambers to establish a small gas

flow through the olasma tube with the purpose of obtaining a more

even distribution of silver vaOor in the entire medium. For all

oractical ourposes the silver vaoor is confined to the inside of

the plasma tube, and the electron guns which are placed 16 cm from

the ends of the plasma tube operate in a pure neon atmosphere.

The current-voltage characteristics of the high voltage neon

glow discharge that produces the electron beams differs from those

for the helium discharges used in previous experiments. This is a

consequence of the difference in the ionization cross-section,

ionization energy and ionic mobility of both gases [101. The I-V

characteristics of the high voltage neon glow discharge are

illustrated in figure 1. The data was obtained operating the two

electron guns simultaneously in the presence of a macnetic field as

is done for laser operation. The electromagnet current was

adjusted to produce a magnetic field of 3.07 kG in the center of

the plasma tube. At 16 cm from the ends of the plasma tube where

the emitting surfaces of the electron guns are located, the

corresponding value of the magnetic field was measured to be 27

Gauss.
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Appendix 2

Laser Oscillation in a Flowing Negative Glow Plasma

:. intrnduction:

Continuous wave laser oscillazion by electron-ion recombination was

previously demonstrated by J. J. Rocca in cadmium using a flowing using

a flowing negative glow plasma [1]. Negative glow plasmas have an

eleczron energy distribution in which energetic beam electron and

supercooled secondary electrons coexist under steady-state conditions

and can be advantageously used for the excitation of recombination

lasers. The ideal plasma for a recombination laser should have both a

large density of energetic electrons for efficient ionization and a

large concentration of cool electrons for rapid recombination. By

using electron beams, it is possible to generate stationary plasmas

that are simultaneously dense and cold. In negative glow plasmas, the

ionization is due to energetic beam electrons. Secondary electrons,

which result from ionization processes mostly with zero energy, can

only gain energy from elastic collisions with beam electrons and in

superelastic de-excitation processes. These electrons are thermalized

at a low energy by frequent collisions with gas atoms. In stationary

negative glow plasmas, the energy of the thermalized electrons is

typically 0.1 eV. A fast gas flow is used to create a plasma

recombination region without energetic electrons with the purpose of

avoiding electrons impact excitation of the laser lower levels, which

frequently forbids CW laser oscillation by electron-ion recombination

[I II



2

Herein we discus the use of the same flowing hollow cathode laser

system to demonstrate near-infrared laser action in lead, tin, zinc,

hydrogen, argon and neon. Continuous wave laser oscillation by

colisional electron-ion recombination was observed in argon. Four

or- al' . .recombination laser transitions were observed in a

pulsed mode in ?b, PbIi, ZnI and Sn:i. In addition, six other laser

transitions excited by other mechanisms were observed in hydrogen,

argon, tin and neon.

!I. Flowi.c Hollow Cathode Laser System:

A schematic representation of the flowing hollow cathode laser

system used for the excitation of recombination laser action is shown

in figure 1. A discharge is established between a hollow cathode and a

mesh anode. The cathode has a slot 4 cm long, 1.2 cm deep and 0.2 cm

wide. Helium first flows through the anode mesh and then through the

cathode slot at a flow rate of 6 liters per minute measured at 760

Torr. Argon or neon is added to enhance cathode sputtering. A rotary

pump with a pumping rate of 1000 liters per minute is used to initially

evacuate the vacuum chamber to a pressure of 10- 3 Torr and to establish

the gas flow. The gas flow creates a recombining plasma plume

downstream of the cathode. The hollow cathode is made of the selected

laser material and is soldered into a water cooled copper body. Metal

vapor is produced by sputtering of the hollow cathode material. Glow

discharges were created using pulsed and dc power excitation. Pulsed

currents reaching 35 A with pulsewidths between 10 and 50 ps at a
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i4gure 1:Schematic representation of the flowing hollow cathode
laser system. The posir-ioning of the collimators and the
setting for the zero point for the measurements of the
distance between the cathode and optical path ax~is are
also shown.
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frequenc of 500 Hz and dc currents up to 2 A were used for the

excitation. 7n the latter case, a 500 Q series ballast resistance was

used. A dense negative glow develops within the cathode slot, and a

shcrt positive column links it to the anode. The ciasma in the slot is

ex-ant-e "wnso-eam :rm the gas inlet by the -owing gaso forma

s.a.reana-- low temcerar" combininc olasma oume as shown in

icu r e 2 is a oi4cr e of the d4scharae structure showina :ne anode

and scoed cathode. The entire discharge structure is mounted in a

%.ass ube that is movable with respect to the axis of an cotical

resonator using a dynamic vacuum seal. The ability to move the glass

tube allowed the exploration of laser action in different regions of

the recombining plasma jet. To make spatially resolved measurements of

the emission of the different regions of the recombining plasma plume,

two 2 mm diameter collimators were used. The collimators restricted

the portion of the recombining plume being observed. Figure 1 also

shows the setting of the zero r ence for the measurements of the

distance fronm the cathode to the axis of the optical path. The zero

reference position is set such that the cathode position is adjusted to

touch a helium-neon laser beam centered in the collimators.

The optical cavity for the laser experiments was made of two

mirrors each with a 2 meter radius of curvature. Two sets of mirrors

were used: one set has a dielectric coating that is highly reflective

(R 99%) in the 1.0 - 1.5 gm spectral region, and the other is highly

reflective in the 1.5 - 2.0 pim spectral region. The optical cavity was

set with its axis in the same plane as the cathode slot. A Ge
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Figure 2: Photograph showing discharge structure of flowing hollow
cathode.
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photodiode with a rise time of 20 ns was used to detect the laser liohz

that was emitted.

777. Reccrrbination Lasinc in lead:

Two lead Laser transitions were ocServed under pused ci- ei I'

we winc af:er-lc.w when the sIoted cathcde wa s f abricaed cfe

The measured laser wavelenaths are 12112 _ 2 and 13216 - 2 . :h

emisson is assioned to the 13 10C. A line c, -b -7
an- .21 6. 1 7 Cd 2o5,2) fresecti'elv

W. T. Silf-,as, L. . Szeto and 0. R. Wood 7: reocrted a Ph transition

at 12080 A and also designated it as the 131C0.1 I transition [3,4<,

and Zhukov, Latush, 4iknalevskii and Sen previously observed the

13216.9 A laser transition of b7 [5]. A partial Grctrian diaram

showing these two transitions is given in figure 3. The lead

transitions did not lase in a CW mode where a dc current up to 2 A s

applied.

The cutout intensity of the ?-7 and Pb: laser lines as a function

of distance between the cathode and optical path for two different

discharge currents is shown in figure 4. The Pb: transition at 13100.1

A was observed to lase both in a He-Ar mixture and in pure Ar. Based

on this fact and from the spatial distribution of the laser cutout

whih peaks at 0.5 - 1.0 cm from the cathode dependina on the discharge

current, it is inferred that the PbI line is an ele .tron-icn

recombination e:xcited laser transition.
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Figu:e 2: ?artiaI G:otzian diagra cf lead.
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As .own in figure 5, the Pb! laser traiisition is thocuht to b

exied d tb e fo Iowing manner. First, high energy electrons collide

w te hlur atrms exciting them to the metastable states of the

-eiium a-z- and to the around state of the helium ion. EI r...n

co 'slors win. taeLium dominate over those with lead since lead 4 an

imcuri7.tv in the helium buffer aas A fraction of the helium ions d

7 .etas-ab-e atoms are driven out of the cathode slot bv the cas 7ow ann

remain in this state unt il the f collide ,ir.- the lead atoms

transferrin their s-tored energy to the lead atoms through a charge

trsfer or Pennin c reaction. These excited lead ions then cascadc

-adiative> eLy7 and col7i4sinalv_ to the Pbil ground state. The Pbii ions

then under o three-oo:, electron-ion recombination referentiall.,

populating high lying levels in the lead atoms. These atoms then

undergo radiative and collisional de-excitation to the laser uroer

level where an inversion is created, and laser oscillation can tike

place.

The Pbii laser transition occurs closer to the cathode and is

thouaht to be excited following the recomoinaticn of ?bi7i ground state

ins. Zhukov et. a!. have attributed the excitation of this laser

transition in the te . c oral afterglow of a positive column glow

discharge to an electron-icn recombination of the P- =round state

which is excited by

He (!s 2 S,/ 2 ) + pb(6c
2 30) ? b 6s 2 IS0) + Re(ls2 I 0 ) +

e- + AE (2.1 ell)(!
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Figure 5: Typical excitation paths in the flowing hollow cathode
recorbination laser system.



--his type of hybrid Duffendack-Penning reaction has been confirmed to

occur with hich efficiency in a He-Pb afterglow [6] In a helium

a fcerolw with an ion density of 1011 cm- and a HeMw(2S 3SI ) density

o f 1"I m- -e excica_ cn of highly excited states of singly ionized

1ead was observed to be as strong as the direct excitation of lower

lyina levels by conventional Penning reactions [6].

A Pennina icnizarion could also contribute to excitation o= the

Pb:l laser transition. AS-.- shown in figure 3, Penning ionization

reaction between the He.4* (2s IS0 ) metastable state and the around state

lead atoms is energetically; allowed:

Hem * (2s "S0 ) + Pb(6p
2 3p0 ) He(1s 2 1S0 ) + pb+>6f 2 F 7 / 2 0)

+ e- + AE(C.44 eV). (2)

However, the HeM*(2s 'SO ) population is limited by superelastic

electron de-excitation, and in flowing afterglow helium experiments,

the only metastable atoms present in quantities detectable by optical

abscrotion are those in the HeM*(2s 3SI) level [6]. Never the less,

exci'-aZion of the laser upper leve! from the HeM*(2s 3 S,) is not

eneraeticall'i allowed. Consequently, while Penning excitation probably

makes a contribution to the excitation of the pb+*(6f 2z7/20) state,

reccmn-ination from doubly ionized lead is likely to be the dominate

excitation path.

The plots of figure 4 also depict that an increase in the

excitation current causes the position corresponding to the peak of the

laser intensity to move away from the cathode. This dependence is due
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to a higher electron density at higher currents which increases the

superelasnic electron de-excitation of the laser upper level for both

transizicns.

Figure 6 illustrates the laser output and the time delay with

respect to the end of the current pulse for both lead laser transitions

as a function of the He flow. A constant flow of argon at a rate of

1.1 liters per minute was used. The laser output intensity of the Pb!

recombination laser transition increased while the time delay decreased

as He was added to the flow. This result is probably caused by the

more efficient cooling of the plasma which increased the electron-ion

recombination. The laser output of the PbIi laser transition did not

occur until the He flow was greater than the argon flow. This shows

that the excitation of this laser transition is helium dependent and

eliminates the possibility of direct electron impact excitation of the

PbIT laser transition. The helium flow at which the PbII transition

started to lase was 2.5 liters per minute. The output increased with

increased gas flow until the flow was 3 liters per minute. The time

delay was simultaneously observed to decrease slightly. This increase

in the laser output and decrease in the time delay is attributed to a

higher excitation of the laser upper level. The drop in the laser

output for a helium flow above 3 liters per minute was accompanied by a

slight increase in the time delay. This phenomena is possibly due to a

decrease in cathode sputtering. Laser action in the Pb transition was

also observed to occur in a pure argon discharge. Figure 7 shows the

dependence of the laser intensity of the PbI 13100.1 A line and its

time delay with respect to the end of the current pulse as a function
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Figure 6: (a) Time delay and (b) laser output intensity for the
13100.1 A PbI and 13216.9 A PbiI laser transition as a
function of He flow. Discharge current was 7 A with a
pulsewidth of 30 p s. Ar flow remained constant at 1.1
liters per minute which means it dominates for the first
half of the plot. Distance between cathode and optical
path axis was 0.1 cm. No collimators were employed.
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the 13100.1 A PbI and 13216.9 A PbII laser transitions as
a function of the discharge current. Current pulsewidths
were 30 ls. Distance between cathode and optical path
axis for the recomnbination and Penning excited laser
transitions were 0.5 and 0.2 cm, respectively. Gas flows
were 1.3 liters per minute for Ar and 4 liters per minute
for He. No collimators were used.
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of varving argon flow. These plots show that as the argon flow

increased the laser output diminished and the time delay increased.

Figure 8 gives the change in the laser output intensity and the

time delay between the end of the current oulse and beginning of the

laser culse as a funcrion of discharge current. As shown, the PbI

recombination laser transition output increased and the corresponding

time delay decreased when the current was increased from the threshold

value of 2.8 to 6 A. This increased laser intensity and decreased time

delay corresponded to an increase of the electron-ion recombinati6n

rate and of the small signal gain with larger currents. However when

the input current was increased above 6 A, the laser output decreased

and the time delay increased. This behavior is due to the increase in

superelastic electron de-excitation of the laser upper level due to a

hianer electron density.

When the input current changed from its threshold value of 1.7 to 5

A as shown in figure 8, the laser output of the PbII laser transition

increased while the time delay decreased slightly. The increased

output and diminished time delay are a consequencc of a higher oumpinJ

rate which increased the number of helium ions and consequently the

Pb:I ions. The decrease of the laser output for discharge currents

above 5 A might be due to superelastic electron de-excitation of the

laser upper level which diminishes the population inversion. Lead was

not observed to lase in the 1.5 - 2.0 Lm spectral region.
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current pulse, and (b) laser output intensity for the

13100.1 A PbI laser transition as a function of the Ar

flow. Discharge current was 7 A with a pulsewidth of 30

s. Distance between cathode and optical path axis was

0.1 cm. No collimators were used.
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1V. Laser Acticn in Tin:

Replacing the slotted lead cathode with one made of tin enabled the

ac...ievement of an ionic tin laser transition. The measured wavelength

or this transition was 10737 - 2 A. The gas flows were 1.3 liters per

minute for Ar and 4 liters per minute for He. This line is assigned to

the Snl transition of 10738.7 A (5f 2 6/20 - 6d 2D5,2) [2,7]. V. V.

Zhukov et. al. observed a laser transition in SrfM at a wavelength of

10740 A and assianed it to the 5f 2 F 7/20 - 6d 2D5/2 transition [5,3].

The 5f 2:7/20 - 6d 2D5/2 transition corresponds to a wavelength of

10743.3 A [2,71. A partial Grotrian diagram of SniI showing this laser

transition is given in figure 9.

A plot of the laser output intensity as a function of the distance

between the slotted cathode and the optical path axis is given in

figure 10. This plot is similar to that of figure 5 corresponding to

the PbII laser line.

Zhukov et. al. attributed this SnII laser transition observed

during the afterglow of a positive column glow discharge to an

electron-ion recombination reaction of the SnIII ground state which was

excited by the reaction

iie+(1s 2S/2) + Sn(5p2 3 Sn++(5s 2 IS0) + He(1s 2 IS0)

+ e- + AE(2.6 eV) (3)

as they did for the PbII laser transition.
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Figure 10: Laser output intensity of the 10738.7 SnIl Penning excited
laser transition as a function of distance between the
cathode and optical path axis. Discharge cuzrent wa3 6 A
with a pulsewidth of 27 4s. Gas flows were 1.3 liters per
minute for Ar and 4 liters per minute for He. Two 2 mm
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As seen in figure 9, the metastable HeMs (2s 3 SI ) level of' helium

lies close to the laser ucer level of the Snl7 laser transiion. Th

-enninz exciz:ion orocess that is like>; to contribute to the

excizazion of the Sn:i laser transition is

:e%* (2s 0) + Sn (2p 2 3P 0 ) he(!s 2 'So) + Sn-(5 2 ; 20)-

+ e- + AE(0.I1eV) (4)

Penning reacticns of the type of (4) have a high probability of

occurrence (C z 10- 1 5 cm2 ) (Q] . Consequently, it is possi.ble thaz a

significant cart of the laser excitation might occur throuah Penning

collisions with helium metastables as in the case of Pbii.

The SnIM transition was unable to lase CW when a dc current of up

to 0.8 A was applied to the slotted cathode. The discharge arcad at

larger currents before the threshold for CW laser action could be

achieved. Laser action in tin was not observed in the 1.5 - 2.0 m

spectral region.

V. Recrbinati n Lasinc 4n Atomic Zinc ana Ent.nced 'rase--

Intensit-y by Hvdrcaen Plasma Ccolino:

Recornoination lasing was also achieved in Zn: when the slotted

cathode was made of zinc. The observed laser transition wavelength was

13152 4 2 A. This corresponds to a ZnI recombination laser transition

previously reported by Wood II, Macklin and Silf-vast (31, assigned to

the 12151.42 A line which had a level designation of S 3.o - 5s 3S,.
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:- .-s laser :ransiticn cc occur, the flows were adjuszed t- 1.3

-- ers er minue for Ar and 4 liters cer mi4nute for He. A partial

....zr.... Savng h.... .r.nsition is shown in figure

...e ..... r. n-ion recc'-bination rate decends ucon the electron

-e=nrazure on -he order of /2 Therefore, the cooler the o-

the .iher the coliisional recmbinacicn reaction race makina

e:ci-a- . -".. electron-ion recominaicn more e. .

addition of hydrocen was observed to ennance ,he laser outzut inensIy

bv ocolin of the electron cas . . s occurs because hvdrcoen mo ' e

are lca -zer -han helium atoms, are good ccnductors of heat, and will

thermalize the el-eron aas to a lower temerature throuch more

eff i cient elastic collisions. tnsecuentl_, the additicn of H- cane

ex-ected to enhance the laser cutout which :nagreement with the

observat ion.

._gure 12 shows the laser cutput intensity of the ZnI recombination

laser transition as a function of the distance between the cathode and

cotica cavity axis. The relative laser intensit, both with and

witnouz the addition of hydrogen, is given. The gas "lows in the

discharge with hydrogen were 1.3 liters per minute for H2 , 1.3 liters

per minute for Ar and 2 liters per minute for He. The addition of

hydrogen causes the recomgbination reaction to be enhanced and laser

action to occur closer to the cathode. FiQure 13 illustrates the

dramatic increase in laser output power obtained when H2 is added to

the discnarge. This fiaure also shows how the time delay between tne

end of the current pulse and the beginning of the laser pulse shrinks
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Figure 12: Laser output intensity of the 13151.4 A ZnI recombination
laser transition as a function of the distance between the
cathode and optical cavity axis. Gas flcws without H2
were 1.2 liteps cer minute for Ar and 4 liters per minute
fcr He. Gas flows with H2 wire 1.5 liters per minute for
H2, 1 littr per minute for Ar and 3 liters per minute for
He. Discharge currents were 15 A with a puisewidth of 10
L. Two 2 mm diameler collimators were used.
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wit the addition of hydrogen. The laser output and _he time delay

between :he end of the discharge current pulse and the beginning of the

laser c,:se as a function of current for both the inclusion and

exclus 4on of hvdrocen 4s aiven in fiaure 14. The addition of hydrocen

to the oiasma caused the laser cutput peak to increase, time dela to

decrease and the value of the current corresponding to the laser output

ceak t- increase. All of these phenomena can be attributed to an

increase in the electron-ion recombination rate.

A dc inzut of uc to 1.5 A was aplied to the slotted zinc cathode.

The 7n- recom=binaion laser transition was not observed to lase in the

,q: ncde reaardless of the addition of hydrogen. Also, zinc did not

lase in the 1.5 - 2.0 4m spectral region.

V:. Con:inuclas Wave Recombination Lasina in Arl:

Recombination lasing in neutral argon was observed with slotted

cathcdes made of cast iron, tin or copter. The most detailed study of

..asing in Ar- was conducted using a cast iron cathode, and the results

retorted hereafter correspond to this case. The observed wavelength of

the transition was 12704 ± 2 A. The gas flow was 1.3 liters per minute

of Ar and 4 liters per minute of Fe. This line was assigned to the Ar:

(3d' (3/2110 - 4p' [1/2]1 ) transition with an actual wavelenath of

12702.2 A [7]. A partial Grotrian diagram showing the Art laser

transition is given in figure 15. Solanki et. al. reported that pulse

excitation of this laser transition caused by the contributions of both

electron impact and recombination in the stationary (non-flowina)
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Fgure 14: (a) Time delay and (b) laser output intens ity of the

13151.4 A ZnI laser transition as a function of the

discharge current. Plots for both with and without

hydrogen are given. Gas fl.ows were the same as those in

figure 4.13. Pulsewidth was 10 Ls, and two 2 mm

collimators were used. Distance from cathode to optical

path axis without H2 was 0.8 cm and with H2 was 0.5 cm.
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negative glow inside a hollow cathode slot [101. Solanki et. al. also

observed CW operation of this ArI laser line while using a hollow

cathode device. They surmised that the CW mode of this transition was

pumped via electron impact. This Ar laser transition has also been

observed to be superradiant [111.

Ficure 16 shows there are two peaks in the output intensity of the

12702.2 A laser transition as a function of position of the axis of the

optical cavity with respect to the cathode when the discharce was

excired in the pulsed manner. The peak in the laser output intensity

at 0.5 cm distant from the cathode is attributed to excitation

following electron-icn recombination as in the case of the Pb and n:2

Laser lines. The inversion in the region of the plume closer to the

cathode is likely to receive a contribution from another excitation

mechanism.

Figure 17 shows the laser output intensity and the time delay

between the end of the current pulse and the beginning of the laser

pulse as a function of the excitation current. The pulsewidth of the

current pulse was 20 .Is. Measurements were done at the cathode edge

and at 0.5 cm from the cathode. As shown in this figure, the laser

pulse time delay for the portion of the plasma at 0.5 cm from the

cathode decreased when the input current was changed from the threshold

value of 1.25 to 5 A. Tnis time delay decrease corresponds to an

4ncrease in th laser output intensity also shown, and it is attributed

to an increase in the electron-ion recombination rate due to a higher

electron density. However, when the current is increased above 5 A,

the electron density became excessive and the laser output decreased
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Figure 17: (a) Time delay and (b) laser output intensity of the
12702.2 A ArI laser transition at 0.0 cm (-) and 0.5 cm
(* ) from the cathode as a function of discharge current.
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while the time delay increased. The excessive electron density causes

sucerelastic electron de-excitation of the laser upper level to begin

dcminating over the excitation processes.

action in the region of the flowing plasma near the cathode is also

shown in figure 17. As can be seen, the time delay of the onset of the

laser pulse after the end of the current pulse reaches 50 is.

Energetic electrons scattered out of the cathode slot could in

principle contribute to the excitation in the region close to the

cathode. However for this to be possible, electrons with enough enercy

to excite the transition are required to have lifetimes larger than the

measured time delay of the laser pulse. The lifetime of a 300 eV

electron was calculated for this purpose. To estimate a lower limit

for the electron lifetime, one may assume that the most important type

of collisions that the electron can initially go though are ionization

and metastable creation of helium. The cross sections for these

reactions (5 - 10-17 and 10-18 cm-2) are larger than any other cross

sections for excitation from the ground state to any other excited

level [12], and also the density of helium in the discharge is nearly

20 times that of argon. The calculated lifetime of a 300 eV electron

for its energy to drop to a value too small to excite the laser upper

level was calculated approximately to be of the order of tens of ns.

Consequently, the observed 50 pLs time delay is excessive for the

electron impact reaction to aid electron-ion recombination in achieving

a population inversion. Therefore, there must be another excitation

mechanism to make laser action possible for this portion of the spatial

laser output profile of figure 16.
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Another type of reaction that needs to be investigated in relation

with the excitation of the ArI transition is dissociative

recombination. There are two possible dissociative recombination

reactions. The first is dissociative recombination of (HeAr)+. This

ion is formed by:

Hem (2s 3 S! ) + Ar(3p 6 !S0 ) - (HeAr)+ + e- (5)

and dissociative recombination of (HeAr)+ ocu-s through reaction:

(HeAr)+ + e- (HeAr)* - He(1s 2 1S0 ) + Ar* (6)

where (HeAr)* is a short lived excited state in which the atoms are

repulsed by each other and Ar* is a high lying ArI level. The second

possible dissociative recombination reaction is that of Ar2t It is

formed by:

Ar+(3p 5 2 P 3 / 20) + 2Ar(3p 6 1S0 ) - Ar2 + + Ar(3p 6 1S0 ) (7)

and by:

(HeAr)+ + Ar(3p 6 1S0 ) - Ar2 + + He(1s 2 IS0 ) (8)

and dissociative recombination of Ar 2
+ occurs through reaction:

Ar 2 + + e- - Ar 2 - Ar* + Ar(3p 6 1S0 ) (11)



33

where Ar2* is an unstable excited molecule and Ar* is a high lying

level of Ar7. Since the creation of the upper level was initiated from

a reaction of a metastable state of He via (5) and (6) or the ground

state of the argon or (HeAr) molecular ion via (7), (8) and (9), the

lifetime for this creation rate of the laser uper level can be several

tens of ns.

?revious investigators have found that reactions (5) and (6) have

created poculation inversions in ArI with an upper level of 3d or 3d''

in the afterglow of the positive column of a glow discharge when the

pressure of the helium-neon-argon mixture was > 50 Torr [13] . These

investigators claimed that it was reactions (5) and (6) which created

the inversion in argon since the addition of a minute amount of argon

i'to the He-Ne laser device quenched the He-Ne laser output by

depleting the heM*(29 3SI ) p-pulation.

The pressure in the discharge chamber of the flowing hollow csthode

system was measured to be 12 Torr when the gas flow through the hulv-

cathode was 6 liters per minute. Using this information, an estimati*on

of the excitation rate into the laser upper level through both types of

dissociative recombination was calculated using rate constants from

[14] and [15]. The rate of (9) was caltulated to be 100 times greater

than the rate of (6). The pumping rate of (9) was estimated to be

dAru*/d-( 9 ) _ 7 10
1 5  cm- 3  S- 1.  (10)

This pumping rate is sufficient to generate a small signal gain of the

order of 3.3 10- 3 cm-1 which is compatible with the observation of
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laser action using totally reflecting mirrors. Therefore, the 12702.2

A line of Ar: near the cathode in the recombining plume might be

excited by dissociative recombination of Ar2
+ through (9).

Continuous wave laser action of the 12702.2 A Arl laser transition

was l:o IZer"-d whcn do excitation was provided to the hollow

canbode. A plot of the laser output intensity as a function of

excitation current with the axis of the optical path 0.5 cm away frcm

the cathode is shown in figure 18. Two, 2 mm -ollimators were used to

differentiate emission origination from various regions of the

discharge. The continuous wave laser action was observed to have a

threshold curreno of 0.35 A, maximized at 0.47 A and ceased to lase at

a current of 0.71 A. Figure 16 illustrates the variation of the laser

output power as a function of position from the hollow cathode. The

maximum laser intensity was observed to occur at 0.5 cm from the

cathode and corresponds to the region of maximum excitation A

olectron-ion recombination in the pulsed experiments.

Another argon transition was also observed to lase in a pulsed

manner at a measured wavelength of 12403 ± 2 A. This transition is

assigned to the ArI line with a wavelength of 12402.8 A corresponding

to the designation 3d [3/2110 - 4p [3/2], [7]. This laser line was

observed to lase -hen the gas flow was 1.1 liters per minute of Ar and

2.5 liters per minute of H2 using a tin cathode. The excitation

current was 10 A with a pulsewidth of 15 gs, and there was a distance

of 0.1 cm between the cathode and optical cavity axis. While using the

copper cathode, this transition lased when the gas flows were 1 liter

per minute of Ar, 3 liters per minute of He and 1.5 liters per minute
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Sf eXcitatirn current was 25 A with a oulsewidth of 15 [is, and

-here was J.5 cm between the cathode and cotical cavity axis. No arccn

: s wer bse , 
_ o Lase in the 1.5 - 2.0 4m Scectral recion.

V*-------------rvd Laser TrznsiLicns:

Laser oscillaticn in neon and molecular hydrogen was a'so csbserves.

urina the exerrments with the tin cathode three Ne laser transi :sns

w -ere o.ser.e.. wen h as flows was adjusted to 1.5 liters cer m___t

-r Noand 4 Liter rer minute for He. Neon was observed to oscilate

.. 15 - 2 A The actual wavelenath for ti-s transition -s 11 -22.7

A and corresponds to the transition 4s' [11/2110 - 3o' [3/212 [7]. The

excitation current was 6 A with a pulsewidth of 27 [s and 0.2 cm

between the cathode and the optical cavity axis. The other two NeI

laser transitions were observed when the gas flows in a Ne-Ho mixture

were 1.3 liters per minute for Ne and 1.3 liters per minute for I2 .

The corresponding observed wavelengths were 11178 + 2 and 11515 + 2 A

.... the actual wavelengths being 11177.5 and 11525.0 A respectively

[7]. 7he corresponding transition assignments for these laser lines

are 4s' [3/2120 - 3p [S/213 and 4s [3/2],0 - 30 [3/2], respectively.

.hese two transitions were observed to lase when the discharge current

was 15 A with a 15 [Is pulsewidth and 0.2 cm between the cathode and the

optical cavity axis.

During the experiments with the Zn cathode, molecular hydrogen was

observed to lase at 13056 + 2 A. This was assigned to the wavelength

of 13056.62 A corresponding to a transition assignment of 2s '1 + 9 (4)



37

0 - 2 'E P(4) 1 [16]. This transition was observed to lase with th

, as flcws a-t 1.2 li-ters per minute for H2 , 1.! liters oer minute for Ar

and .lters per mnute for He. The i'put current was 15 A with a

usewidtn- of 10 .Is. Fiure 19 shows the outpat intensity of the H)

laser tansion aauncon of distance between -he cathode and a::is

h optical cavity.

v7:7. Dther M eral Vapor Afterilows:

C(ccer, iron and magnesium were also used for the slotted catocde

o investigate cossible infrared laser transitions. Pulsed currents

reaching 25 A at pulsewidths ranging from 10 to 30 4s were employed for

these cathodes. The distance between the cathode and optical cavity

variec from 0.1 to 1.0 cm. None of these materials were observed to

lase in the flowing hollow cathode laser system in either the 1.0 - 1.5

or the 1.5 - 2.0 Im spectral regions.

IX. S mmary:

Laser oscillation in ten near-infrared laser transitions were

obtained in a flowing negative glow plasma with 4 cm of gain medium

cot4ical path followiug the rjcombination of both singly and doubly

cha r-ed ions. Table I summarizes the recombination laser transitions

observed in the flowing hollow cathode plasma. The table lists the

recombination excited transition wavelengths, the transitional

assignments and the mode of operation. CW recombination laser
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Figure 19: Laser output of the 13056.6 A laser transition of H2 as a
function of the distance between the cathode and optical

cavity axis. Discharge current was 20 A with a pulsewidth

of 10 4s. Gas flows were the same as those of figure 4.10

with the addition of H2. Two 2 mm diameter collimators
were employed.
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oscillation was obtained in argon. Four other electron-ion

recombination laser transitions were observed in PbI, PbII, ZnI and

Sn: in a pulsed mode. The SnMi laser transition is probably excited

by both three-body electron-ion recombination and a Penning reaction

wizh the He metastabies. Table 2 shows other laser transitions

observed, the actual transition wavelength and the conditions for lacer

actions. As shown for the -ase of laser oscillation in ZnI, the

addition of hydrogen into the plasma cooled the plasma which, in turn,

significantly increased the excitation of the laser upper level via

electron-ion recombination.
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Table 1

Cb'served P~ccmbin at n "a -.r T-r-it 9"

CW Laser Ac-ion
Laser Medium Wavelerath Transition Assicnment

Oemonstratlon

o
Arl 12702.2 3d'[3/2) 4o'[1/21 yes* I

3 3o
PbI 13100.1 A "p P - 7s P no1 1

20 2

Pbli 13216.9 6f F - 7d D no
7/2 5/2

3o 3ZnI 13151.4 A 5p P 0 s S I no

1 1

20 2
SnII 10743,3 A 5f F - 6d D no

5/2 3/2

The SnII transition is also likely to be excited through
Penning reactions with metastable helium atoms.
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T3ble 2

Otlher Otserved Laser Transitions

Laser Medium Wav,-1enath Transit ion Assionment

0
Ari 12402.8 A 3d 13/21 - 4p !3/21

1 1

o
Nel 11522.8 A 4s 11/23 - 3p (2/2]

1 2
0

Nel 11177.5 A 4t [3/2!2 - 3p [5/213

Net 11525.0 A 4s 13/21 - 3p 13/21
! 1

1* +
H 13056.6 A 2s ' P(4)0 -2p ' P14)1
2 9u
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